Introduction
Identification, characterization, and control of environmental chemicals that adversely impact normal reproduction and development continue to be key public health goals. Approximately 250,000 U.S. children are born each year with birth defects diagnosed at or shortly after birth. Birth defects are the leading cause of infant mortality in the United States. Congenital anomalies, sudden infant death syndrome, and premature birth combined account for more than 50% of all infant mortality, yet the cause of most birth defects is unknown. Approximately 3-10% have been attributed to exogenous and environmental agents. Those environmental agents known to cause birth defects include lead; polychlorinated biphenyls; ethanol; organic mercury; and drugs such as thalidomide, diethylstilbestrol, valproic acid, and 13- cis-retinoic acid. Most of these agents have been identified as developmental toxicants after tragic human exposures occurred (1, 2) .
Up to 70% of all birth defects are of unknown etiology, and the role that environmental factors play in these occurrences is unknown. This lack of information impedes our ability to develop effective public health prevention strategies and has served as the foundation for increased public awareness and reinvigorated basic research on birth defects and children's health. When statistics about the number of years of potential lives lost are calculated for developmental effects and disabilities, these economic costs rival those for heart disease and cancer. Thus, identification of prevention pathways could alleviate not only social but also significant economic costs (3) .
Purpose
The purpose of this article is to identify key factors that can help define the vulnerability of developing offspring, infants, and children to toxicant impacts and to give scientists clues for potential mechanisms that need to be evaluated to support the scientific basis for child-focused risk assessment. A focus of this article will be pesticides, given the heightened visibility of children and pesticide exposure following the 1993 National Academy of Sciences report titled "Pesticides in the Diets of Infants and Children" (4) and the specific focus of the recent Food Quality and Protection Act (5 
Why Study Mechanisms ofSusceptibility?
Risk is defined as the probability of adverse outcome and when applied to environmental health, risk assessment is usually defined as a function of both toxicity and exposure. Figure 1 shows a pictorial framework for child-specific risk characterization. To adequately evaluate the potential for enhanced health risks during development, scientists must consider child-specific factors affecting both toxicity and exposure. In the first section of this review, mechanisms of children's susceptibility relevant for toxicity assessment are identified and discussed. In the second section, examples of exposure factors that help to define children's susceptibility are presented. The (8, 9) . Figure 2 illustrates overall brain development by showing tissue hierarchy and neural origins for the ectodermally derived neural plate. Cell proliferation patterns are shown for specific example nuclei within the brain and demonstrate differences in the timing of peak periods of cell replication ( Figure 2 ). Figure 3 outlines neurodevelopmental stages observed throughout the brain. These stages occur in temporally distinct time frames across different brain regions, making the brain heterogeneous in response to agents that interfere with these specific processes. For example, Figure 2 demonstrates the production of nerve cells in different regions of the CNS during gestation in the rat, and as shown, nuclei in the midbrain, cortex, and hippocampus undergo nerve cell production during distinct time frames. In addition to intraorgan differences in developmental processes, there may be substantial interspecies differences between rodents and humans in the development of the brain. Whereas in rodents the production of dentate gyrus granule cells of the hippocampus is largely conducted postnatally, the main production of these cells occurs prenatally in the human (10 (11, 12) .
The historic use of organomercury-based fungicides and the present-day use of the benomyl and other benzimidazole analogues as anthelmintics are examples of cell-cycle inhibitors that have been investigated with regard to their influence on the developing CNS (13) (14) (15) (16) (17) . Recent reports suggesting that chlorpyrifos (a pesticide used on many fruit crops such as apples, cherries, and pears)
can cause selected brain cell loss also merit additional investigation (18, 19) .
Unlike other organ systems, the unidirectional nature of CNS development limits the capacity of the developing tissue to compensate for cell loss, and environmentally induced cell death can lead to a permanent reduction in cell number (20) . Maintenance of this rigid temporal and spatial schedule allows the CNS to develop the morphologic characteristics associated with optimal function. It is this developmental complexity that appears to underlie the sensitivity of this organ to environmental influences and highlights the unique characteristics of development that make children at special risk from environmental exposures.
Identification of such critical processes is essential to our understanding of mechanisms of susceptibility. Thus, one of the laboratorybased research projects in the new Child Health Center at the University of Washington will focus on our understanding of the impacts of altering such critical neural processes and subsequent neurobehavioral function (21 observed. On day 10, one day later in gestation, exposure to 50 rads does not produce brain malformations. Exposure to 100 rads produces only a 3% incidence, but exposure to 200 rads produces a 19% incidence. If exposure occurs earlier, on day 8, neither exposure to 50 nor 100 rads produces brain malformations (7) . These observations convey the significance of evaluating both the dose and the timing of exposure to determine the stage and process of development that will be impacted. The relevancy of these observations is known for radiation exposure in humans, where irradiation of the human fetus at doses of 100 rads early in pregnancy can cause brain malformations such as microcephaly and mental retardation (22) .
Cross-species comparison studies assessing methyl mercury exposure have been able to show consistent effects on neuronal cell number, differentiation, and morphologic organization at similar doses (22, 23 (39) . and has low Ponl expression levels, then the individual would hydrolyze both paraoxon and the oxon of chlorpyrifos very slowly. Such an individual would be predicted to be more susceptible to the effects of both these OP pesticides than a comparable individual with high Ponl expression (44) . Whereas the activity of the enzyme is high toward paraoxon when arginine is at position 192 and low when glutamine is at this position, the situation is reversed when the substrate is diazoxon, soman, or sarin, demonstrating the need for genotyping information for predictive risk assessment (44) .
Young animals are more sensitive to the acute toxic effects of OPs than adult animals (45) (46) (47) (48) (49) . Brain ACh levels fail to account for these differences, but metabolic studies have suggested the differences may be due to an agerelated decrease in paraoxonase activity in human infants and children. Levels of Pon 1 activity in rodents do not reach adult levels until 4 weeks of postnatal development (50) . L. Costa and C. Furlong will direct a project in the Child Health Center using Pon 1 knockout mice to ascertain both the potential age and substrate susceptibility of OP-induced developmental neurotoxicity and will link these biochemical effects with functional neurobehavioral impacts. The significance for endogenous ACh metabolism and pesticide toxicity is unknown. Gaining knowledge about the age and genetic differences in this enzyme is especially significant given the role that the cholinergic system plays in learning and memory (51) and the new findings that suggest a role for ACh in various aspects of normal brain development (52) (53) (54) (57, (63) (64) (65) (66) (67) (68) (69) . Recognition that many of these compounds are environmentally persistent has resulted in regulatory controls and in generally declining residue levels in humans for polychlorinated biphenyls and DDT. The partitioning of environmental compounds to breast milk is strongly associated with the affinity of these chemicals for milk lipids. In some cases, such as for the organochlorine compounds, the half-life of these compounds in breast milk can be extremely long (70) . Breast-feeding is a principal means of reducing maternal burden but at the expense of exposure to the infant (70) (71) (72) . Because of the extremely long half-life of these compounds in the mother, fetal exposure can derive from a maternal body burden accumulated over a period of many years. Thus exposure estimates based on default exposure assumptions can be problematic. Direct biomonitoring of breast milk is the most useful metric for risk estimation. However, because of the complexities of the kinetics of accumulation, this biomonitoring provides limited clues for ascertaining specific maternal exposure patterns, as it presents an average estimate of accumulated maternal exposures.
Despite the potential risks associated with developmental exposure to environmental contaminants in breast milk, breast milk also provides a host of nutritional factors associated with immunologic and psychologic development and general health. Limited formal quantitative analyses have been performed to evaluate the net health effects of breast-feeding. However, the health benefits associated with breast feeding have generally been evaluated as outweighing the health risks associated with most environmental contaminants, with exceptions for some therapeutics and illicit drugs (4,59,73-76).
Exposure Pathways-Age-Specific Behaviors Children face potentially elevated risk of pesticide-induced toxicity due to age-specific behaviors that can increase exposure. Younger children have distinct dietary patterns, both in terms of food selection and amounts consumed (4). Younger children also routinely explore their environment, putting fingers, toys, and other objects into their mouths. Hand contact with floors, carpet, lawns, and other surfaces during crawling may lead to enhanced exposure via hand-to-mouth and object-to-mouth transfer. A subset of children exhibit pica (deliberate ingestion of nonfood items). In particular, soil ingestion rates of geophagic (dirt-specific forms of pica) children may be dramatically elevated, although they are currently poorly defined (77). Children's skin contact with surfaces via crawling or play may also contribute to exposure to environmental compounds even in the absence of ingestion. The dermal availability of many pesticides and the importance of the dermal pathway with respect to occupational exposures in agriculture are well established (78) . Because children have higher ratios of skin surface area to body weight (roughly double in infancy) than adults and probably experience more intensive contact with their surroundings than adults in nonoccupational settings, increased susceptibility to dermal absorption of contaminants is plausible. Limited data from an investigation of inappropriate residential use of methyl parathion suggest an association between surface contamination and elevated levels of pesticide metabolite in the urine of children under 3 years of age (79) . However, the relative contributions of dermal absorption and ingestion cannot be ascertained from the information available.
In agricultural communities where pesticides are used in crop production, children have the potential for exposure through additional pathways. If children live in close proximity to pesticide-treated farmland, for example, they may contact pesticides through normal play in and around the home. Children in agricultural communities can also be exposed to workplace pesticides if parents bring in these chemicals on clothing or skin. This pathway is sometimes referred to as take-home exposure (80) .
Since 1992 several studies at the University of Washington Pacific Northwest Agricultural Safety and Health (PNASH) Center (Seattle, WA) have focused their research efforts on children's exposure to OP pesticides in the agricultural regions of Washington State (81, 82) . The first of these studies examined pesticides in soil and house dust. Concentrations of four OP pesticides were substantially higher in the soil and house dust at residences of so-called agricultural families (families with a parent working with pesticides in agriculture) than at the residences of reference families (home at least one-quarter of a mile from treated farmland and no family member working in agriculture) (81) . A subsequent study focused on biological monitoring (urine sampling) of children in the same community and found that children of pesticide applicators had median OP pesticide metabolite concentrations that were 4 times higher than those of reference children (82) . Thus, both proximity to agricultural pesticide use and parental take-home of pesticides appear to contribute to elevated body burdens in young children in this community. When urinary metabolites were converted to pesticide dose estimates for the OP pesticide azinphos-methyl, 53% of these doses exceeded the U.S. EPA chronic reference dose of 0.015 ,ug/kg (83) . Recently, the U.S. EPA has taken action to restrict azinphos-methyl use as a step to protect children's health by reducing exposure. These results are consistent with results of studies looking at other occupational takehome exposure pathways. Several studies have shown that at-home exposures of children or family members result from a parent worker being exposed to lead or asbestos (84) (85) (86) (87) . Recently, homes and vehicles of lead-exposed workers were found to have higher levels of lead contamination than similar homes and vehicles of families with no take-home pathway (88, 89) . This evidence supports the idea that contamination of a worker's skin or clothing can lead to elevated doses in children with whom they live.
As part of the Child Health Center, a community intervention study to reduce takehome pesticide exposure among agricultural field workers is planned as a collaboration between the Fred Hutchinson Cancer Research Center (Seattle, WA) and the PNASH Center. The study will take place in the lower Yakima Valley, one of the most productive agricultural regions in Washington State. Interviews, environmental samples, and biological samples will be collected in the first and fourth years of the study. In the second and third year, community-based intervention strategies designed to break the take-home exposure pathway will be implemented in 14
communities. An additional 14 communities will serve as controls.
The role of pesticide drift as a contributor to children's exposure will also be the subject of investigation. With support from the Child Health Center and the PNASH Center, researchers will utilize two novel techniques for characterizing exposure associated with pesticide drift. Global positioning system technology will be used to create detailed spatial and temporal maps of children's activities. A portable light detection and ranging (LIDAR) system will be used to measure particle concentration in spray plumes generated by airblast orchard applications, and air sampling on the ground will provide pesticide concentration data needed to calibrate the LIDAR system. The combination of these data will allow Environmental Health Perspectives * Vol 108, Supplement 1 * March 2000 analysis of drift exposure for children with a high degree of temporal and spatial resolution. Simultaneous biological monitoring will allow testing of exposure and dose models based on environmental modeling.
Toxicokinetic Considerations
Important factors that define children's susceptibility to contaminants are the agerelated toxicokinetic changes in development. Toxicokinetics include evaluation of the four processes of absorption, distribution, biotransformation, and excretion of toxicants. In particular, it describes the rate of action of these processes on contaminants and allows the risk assessor to link exposure with the amount, duration, and form of the toxicant interactions with the target organs. For purposes of this review, this section of the paper focuses on several example changes occurring during pregnancy and early childhood that can affect the doses that children and their tissues receive.
During pregnancy, many physiologic changes occur, and these changes can impact the kinetic aspects of chemicals (90 Figure 6 taken from Cresteil (91) shows elegant work to evaluate the evolution of various isoforms of human liver cytochrome P450s in utero and throughout childhood. As is evident from this figure, each isoform has its own developmental profile. Given that each isoform has its own organ and substrate preference profiles, the complexity of predicting metabolite profiles for a given compound or mixture is extremely challenging. Even more challenging is using this information for predicting human conceptal and newborn risks for single agents or complex mixtures. Evidence on the possible role of genetic polymorphisms of drug-metabolizing enzymes for human risk assessment was discussed in an earlier section of this paper on genetic susceptibility.
The adage that "children are not just small adults" has implications for establishing safe levels of exposure for pesticides. This means that exposure criteria should be based onf information relevant to predicting risks to children and should account for such toxicokinetic differences occurring with development. These issues are partially recognized in pharmaceutic dosing recommendations through the use of allometric scaling to account for age-related changes in body composition and activity. However, reliance on such practices must be performed along with consideration of chemical-specific characteristics that influence both target organ exposure and potency. Presented in Figures 7 and 8 susceptibility of children to environmental exposures that are relevant for both toxicity and exposure assessment. Such mechanisms must be put into the context of the risk assessment framework to be tied to effective risk management. Failure to do this will result in continued discussion of the relevancy of factors for children's risk with little progress made toward improving children's health. In this paper we discussed mechanisms of susceptibility for toxicity assessment and highlighted the need to identify critical pathways of normal development that might be at heightened risk for susceptibility to toxicant impacts. An example discussed was neurons in specific brain regions undergoing select patterns of proliferation and differentiation. On a molecular and cellular level we can, and will, measure these effects as part of research in our Child Health Center. However, for risk assessment these observations need to be drawn into a risk assessment context. What health impacts result when 10, 15, or 20% of neurons are lost on day 13 in rodent midbrains following exposure to a toxicant? To answer this question, the functional consequences of such loss must be evaluated and is the underlying rationale for our planned studies to link molecular and cellular changes with altered neurobehavioral assessment. Once this functional link is established, exposure assessments must allow us to link these functional effects with environmental exposures. As discussed in this review, the complexities of environmental exposure are great, challenging the risk assessor both to understand the biological significance of specific exposures at selected times throughout gestation and to evaluate chronic low-dose exposure over extended developmental processes. Linkage of each of these types of exposures with functional impacts is needed. To accomplish this we have developed linked models of assessment where exposure, toxicokinetics, and toxicodynamics can be considered in the same risk models. Figure 9 illustrates such a biologically based dose-response assessment approach. In this model, developed for methyl mercury and being expanded for other toxicants/pesticides, we have unified our risk assessment process (94, 95) . The challenge to our center investigators is to develop similar unifying approaches for our molecular/cellular research that are linked with functional assessments and with relevant exposure assessment.
Finally, by framing the available information in a risk assessment context, both scientists and regulators will continue the process of putting relevant science into risk assessment. As indicated in the National Academy of Sciences framework, only through the iterative loop between basic research and risk assessment can the informational needs of public health decision makers be met. Moreover, by using the biologically based risk assessment models to generate hypotheses regarding factors that may strongly influence child health risks, this information can be used to prioritize research. An example of the need for improved childspecific risk assessment research is the recent U.S. EPA-announced restriction on the use of two organopesticides that are used commonly on produce regularly eaten by children, methyl parathion and azinphos-methyl (Guthion). As we have demonstrated in this review, there are many reasons to believe that children may have unique sensitivities to their environment. The health implications of these sensitivities can only be understood through continued research.
